IN TROD UCTION
Many types of noise occur on ships including noise from engines, ventilation, and compressors. The acceptable levels of noise that occur on ships for health and comfort (rather than hearing protection) are covered by the International Maritime Organization (IMO, 1982) . Occupational exposure to noise could be assessed either in accordance with the 'Control of Noise at Work Regulations' (CNAWR) [Her Majesty's Stationery Office (HMSO), 2005] in force in the UK or for merchant ships the 'Merchant Shipping and Fishing Vessels (Control of Noise at Work) Regulations' (MSFV(CNW)R) (HMSO, 2007) . One source of noise that would also be present on a military ship, and is not covered by the IMO, is that from weapon fire.
For a weapon firing on the ship, crewmembers exposed to noise include the operator of the weapon and the crew on the bridge (wheelhouse). The noise exposure of the operator on the bridge wings would be of concern as the peak levels are likely to exceed the values specified in the CNAWR. However, it is not known whether the exposure of the crew on the ship's bridge would be of concern and what type of hearing protection should be worn, if any. That is, the attenuation of noise afforded by the ship's structure is not known.
This study is concerned with determining many parameters of noise on a ship as a result of firing a weapon, a Heavy Machine Gun (HMG), mounted on the bridge wing of a military ship. The aims of the study included (i) determining the noise exposure of the weapon operator, (ii) noise exposure of crew on the ship's bridge, and (iii) the attenuation afforded by the ship's structure in reducing noise transmission from the bridge wing to the bridge.
EQ UIPM EN T A ND PRO CED UR E
Noise measurements were made on a Royal Navy vessel HMS Grimsby. The ship was fitted with a gun on the starboard (right) bridge wing. The bridge is a fully enclosed compartment with doors (internal wooden door and external metal watertight door) leading to the bridge wings. Both doors were closed during the noise measurements. A 12.7-mm calibre (0.50 inch) weapon HMG was operated on the ship in both single round (individual round fired per trigger pull) and burst round (up to 10 rounds fired per trigger pull) modes. A total of 850 rounds were fired during the survey.
Measurements were made at four locations on the ship: (i) outside on the starboard bridge wing; (ii) inside the bridge, by the starboard door (near side to weapon); (iii) inside the bridge, centre; and (iv) inside the bridge, by the port door (far side to weapon).
High-pressure microphones (G.R.A.S. type 40BH) and G.R.A.S. type 26AC preamplifiers were used to measure the noise. Microphones fitted with foam windshields were placed ~1.5 m above the deck of the ship and orientated at 90° to the direct line with the HMG (grazing incidence). The data were acquired using a DATS software package and Prosig 8004 where 24-bit rate time histories were acquired simultaneously at a sampling rate of 100 000 samples per second and low-pass (anti-aliasing) filtered at 40 000 Hz. Calibration was carried out using two types of G.R.A.S. calibrator: type 42AB Sound Calibrator (114 dB at a frequency of 1000 Hz) and type 42AC Pistonphone (134 dB at a frequency of 250 Hz). The data were analysed using the HVLab (v3.81) software package.
A N A LYS IS
The human ear does not respond equally at all frequencies, therefore the A-weighting is applied to the audible frequency range to represent the reduction in sensitivity to the low frequencies. The C-weighting filter is suitable for assessing peak sound pressure levels. Long-term damage to hearing from moderate to loud noise is related to the noise exposure in dB(A). The mechanism of instant damage to the ear for extremely loud noise is different and is related to peak C-weighted levels [Health and Safety Executive (HSE), 2005] . The equivalent continuous sound pressure levels (that is the time-averaged noise levels), L eq , were calculated for the measured time histories.
Also calculated were A-weighted sound exposure levels, L AE (HSE, 2005) , indicating the total energy of the signal corresponding to a 1-s period. L AE is a measure of noise dose per round; the daily noise exposure can be calculated from the number of rounds and the L AE .
R E SULTS
The measured peak sound pressure levels, L Cpeak , and sound exposure levels, L AE , are shown in Fig. 1 . Higher levels are seen at the operator of the weapon compared with the three locations on the bridge. Also, higher levels are seen at the starboard door (closer to the weapon) compared with the other two locations.
Variation in the measured L Cpeak and L AE is shown in Fig. 1 . The variation in the data is thought to correspond to the greatest variation that should be expected in these data since the orientation and elevation of the gun was not controlled. Table 1 shows the spread of the sound levels and the median of the logarithmic values (i.e. median level) for the measured data. The highest peak sound pressure level measured on the bridge wing was 160.7 dB(C) (2170 Pa) and the highest peak on the bridge (starboard door) was 122.7 dB(C) (27.3 Pa). The highest sound exposure level on the bridge wing was 127.8 dB(A) and the highest sound exposure level measured on the bridge (starboard door) was 88.9 dB(A). Median values (for both parameters) show that attenuation provided by the bridge structure is approximately 40 dB (compare the bridge wing with the starboard door). Coincidently, attenuation in L AE is the same as the attenuation in the L Cpeak . Lower peak values were seen at the centre of the bridge compared to the starboard and port doors.
DISCUSS ION
The CNAWR specify certain exposure action values and limit values, these are as follows:
The lower exposure action values (LEAV) are a daily or weekly personal noise exposure of 80 dB (A-weighted) a peak sound pressure of 135 dB (C-weighted)
The upper exposure action values (UEAV) are a daily or weekly personal noise exposure of 85 dB (A-weighted) a peak sound pressure of 137 dB (C-weighted)
The exposure limit values (ELV) are a daily or weekly personal noise exposure of 87 dB (A-weighted) a peak sound pressure of 140 dB (C-weighted).
The highest L Cpeak on the bridge wing (160.7 dB(C), Table 1 ) exceeded the peak UEAV (and the ELV if no hearing protection is worn), whereas the highest peak on the bridge (122.7 dB(C)) was below the peak LEAV. The selection of hearing protection would involve both the L Cpeak and the daily personal noise exposure for people on the bridge wing, but only the daily personal noise exposure for persons on the bridge. For people on the bridge wing (L Cpeak 160.7 dB(C)), hearing protection should be chosen to reduce the peak to below 137 dB(C). Hence, attenuation of more than 24 dB would be required (minimum of 21 dB for a reduction to 140 dB(C)) and hearing protection selected accordingly. Therefore, there would be a requirement to wear hearing protectors for the operator of the weapon (and other people in the vicinity) on the bridge wings. The requirement for hearing protectors for people on the bridge would be determined with a continuous exposure assessment, namely, a different method of assessing and controlling exposure to noise would be used for people on the ship's bridge. The L AE would be used to calculate the number of rounds that would be required to reach the LEAV and the UEAV specified in the CNAWR. If the highest L AE were to be used (88.9 dB(A), see Table 1 ), then assuming that no hearing protection is worn, the numbers of rounds to reach the various values would be: Figure 1 Peak sound pressure levels (×; higher levels), L Cpeak (dB(C)), and sound exposure levels (+; lower levels), L AE (dB(A)), measured during the firing of a HMG on the starboard bridge wing. To put these numbers of rounds into context, one round fired every 5 s would equate to 5760 rounds being fired over an 8-h period.
CON CLUS IONS
The highest L Cpeak measured at the operator's location (bridge wing) was 160.7 dB(C); highest value on the bridge was 122.7 dB(C). The ship's bridge structure provided about 40 dB attenuation in peak noise. The corresponding L AE equating to single rounds being fired were 127.8 dB(A) for the bridge wing and 88.9 dB(A) for the ship's bridge. It is unlikely that crew on the ship's bridge would be exposed to noise exceeding the UEAV during firing of the HMG. The operator's exposure on the bridge wing would be expected to exceed the peak L Cpeak ELV unless some form of hearing protection is worn. The LEAV would be reached on the bridge after firing about 3700; the UEAV would be reached after ~11 750 rounds.
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